Identification an d m easu rem en t of helium form ed in beryllium by 7-rays* * " H eliu m R esearch es X I V ." R eferen ces to th e p rev io u s n u m b e rs are g iv en in " H elium R esearches X I I I " (P a n e th , G liick au f a n d L o leit 1936).
For reasons explained elsewhere (Paneth 1937) helium is at present the only product of artificial disintegration which can be separated in bulk by chemical methods. Some time ago helium artificially produced by bombard ment of boron with slow neutrons was spectroscopically identified and measured by a manometric device (Paneth, Gliickauf and Loleit 1936) . This reaction 1 0 5B + ^-> l L i + lH e (1) had been investigated before by physical methods (Chadwick and Goldhaber 1935 a, 6; Taylor and Goldhaber 1935; Amaldi and others 1935) . The fact of the production of helium was already known and chemistry could merely contribute to its quantitative study. There are, however, other processes of artificial disintegration where at present only microchemical methods seem capable of deciding between different possibilities. Since the discovery of the " nuclear photo-effect " by Chadwick and Goldhaber, it is known that y-rays produce neutrons from deuterium and beryllium (Chadwick and Goldhaber 1934, 1935 c; Szilard and Chalmers 1934) ; in this case the formation either of 8Be or of 4He is to be expected according to the equation |B e4-^v-^|B e4-o^ (2) or 4B0 4" hv -> 2|He -I-
Each reaction is equally possible, although Chadwick and Goldhaber give reasons why reaction (2) is probably the main one. Now if reaction (3) occurs to any considerable extent, then it should be possible to detect the helium by gas-analytical methods, while in the case of formation of a stable, or slowly disintegrating, 8Be, no helium should be found.
Owing to the minute quantity of helium to be expected even after irradiation with strong y-ray sources, it is essential to absorb as much as possible of the y-radiation in beryllium atoms; on the other hand, the larger the amount of irradiated material, the more difficult becomes the chemical separation of the helium. For these reasons the ideal arrangement is a radioactive source, as small as possible, and surrounded by a sphere of metallic beryllium. It is true that the collection of the helium from the metal is more difficult than from a soluble beryllium salt; but a simple calculation shows that in order to disintegrate the same number of beryllium atoms in a dissolved beryllium salt, one would have to deal with impracticable quantities of solution. On the other hand, in the case of the irradiation of a dry salt, with subsequent solution, the complete exclusion of air would be difficult. I t was decided, therefore, to irradiate metallic beryllium, and to develop a method for the quantitative recovery of the helium formed.
Apparatus and experimental procedure
Analyses, to be described later, showed that commercial beryllium does not contain any detectable traces of helium; certainly less than 10~10c.c./g. beryllium. It could, therefore, be used for experiments without re-melting in vacuo. As all metals are perfectly helium-tight, it is unnecessary to enclose the beryllium in an evacuated vessel during the irradiation; on the other hand, the only possible way of collecting the helium after the irradia tion is to dissolve the metal. The considerable volume of hydrogen evolved in this operation causes the only serious difficulty in the whole experiment. The methods used hitherto for the separation of small quantities of helium from a large amount of hydrogen were either the absorption of hydrogen by calcium, or the diffusion of the gas through heated palladium (" Helium Researches, I " , fig. 1, p. 358 and fig. 2, p. 360, Paneth and Peters 1928) . To be efficient the latter method needs a very large palladium spiral, which was not at our disposal, while the calcium method depends largely on the presence of traces of other metals in the surface of the calcium and seldom works satisfactorily after the absorption of a few litres of hydrogen. Therefore in the present experiment the hydrogen was burned with oxygen, the mixture being ignited by a heated wire. In this way it is possible to remove up to 201. of hydrogen in about an hour; the last traces of the gas are best burned in the palladium furnace already described (" Helium Researches, X III", fig. 1 , p. 416, Paneth, Gliickauf and Loleit 1936) .
Since a reliable method for the separation of minute quantities of helium from many litres of hydrogen is not only essential for our present experiment, but may be useful in similar cases, it seems advisable to give an accurate description of the procedure, with a few words about the preparation of the air-free acid and the dissolution of the beryllium.
The apparatus ( fig. 1 ) consists mainly of a storage vessel for the acid A, from which the liquid can be siphoned into the flask B, containing the beryllium metal. A lump of beryllium which has not been irradiated and is to be used for the blank test, lies on the bottom of the flask, while the irradiated piece, fixed with copper wire to a small iron rod, is held by means of the magnet G in the neck of the flask. The storage bulb A is filled with 20 % sulphuric acid which, though forming a less soluble beryllium salt, is preferable to nitric acid because it avoids the attack on the mercury of the manometers by nitrous fumes. It is also superior to hydrochloric acid on account of its lower volatility. The sulphuric acid is electrolysed for 2 hr. under about 20 mm. Hg; it is then completely free from air which would otherwise introduce contaminating helium and neon. After this purification the cooled trap D, in which a few c.c. of water have been condensed, is warmed up, and the water freed from occluded gases by boiling under reduced pressure. The water is then frozen out again and the charcoal tubes F and I freshly activated by heating. Sufficient oxygen for the combustion of the hydrogen is electrolytically prepared and purified, as described in the previous publications, and stored in the charcoal tube I connected with the manometer.
The stopcock a is now closed and the acid siphoned into the flask under the pressure of the electrolytic gas. As the dissolution of the beryllium produces considerable heat, it is necessary to surround the flask B with water, occasionally cooled by the addition of ice. The hydrogen evolved is dried in the trap D (cooled by liquid air), and stored in the charcoal tube F (likewise immersed in liquid air). A manometer E allows the hydrogen pressure to be read, and at the same time constitutes a safety valve through which the hydrogen escapes if the pressure exceeds 1 atmosphere.
When the pressure of hydrogen reaches about 300 mm., the stopcock e is slightly opened so as to admit it slowly into the combustion chamber filled with oxygen at 150-200 mm. pressure. (It is essential not to exceed this pressure, as otherwise an explosion might occur at the moment of ignition.) When the hydrogen, containing of course some oxygen, passes the heated platinum spiral at the top of the combustion chamber G, ignition occurs, and, by regulating the stopcock e, it is possible to maintain the flame burning in this chamber, which is cooled outside by water. It is of importance to keep the flame in the upper half of the spherical chamber, as only there is it stable; if the hydrogen pressure decreases, the flame withdraws into the narrower space, which causes the rate of combustion to be retarded on account of the reduced surface available for the contact between hydrogen and oxygen. If, on the other hand, the hydrogen pressure increases, the flame advances towards the middle of the bulb until it reaches an area wide enough to cope with the hydrogen supplied through the stopcock e. It is obvious that the flow of hydrogen must be regulated in such a way that the flame never reaches the equator of the spherical combustion chamber; otherwise it at once becomes unstable and moves with great velocity through the narrow tubes towards the oxygen-filled charcoal tube I. (This would result in an explosion, and as a precautionary measure a plug of glass-wool is introduced into the tube leading to I.) The flame emits only a very dim reddish light, hence for its control it is necessary to carry out the combustion in a darkened room.
After some hydrogen has been burned away, the liquid air vessels which cool the charcoal tubes F and I are gradually lowered until practically all the hydrogen is burned to water, which forms in bulb H. The water is boiled in order to remove any helium which might possibly have been included during the process of condensation, and the remaining gases, mainly oxygen, are transferred through stopcock g into the analysing apparatus. This has already been fully described (" Helium Researches, X I I I ", fig. 2, p. 417, Paneth, Gliickauf and Loleit 1936) .
After the blank test with ordinary beryllium has been satisfactorily carried out, the magnet C is removed, so that the irradiated piece of beryllium drops into the acid. The whole procedure is then repeated.
The experiment was carried out three times. For irradiation, pieces of beryllium, more or less spherical and weighing 6*6, 3*75 and 4-5 g., were used, and as y-ray source radon (supplied by the Radium Centre of Middlesex Hospital). The latter was contained in glass capillaries of an average length of 6 mm. and 1mm. width, the quantity of the radon in each capillary varying between 100 and 250 me. Generally the Middlesex Hospital supplied a tube once a week; two or three of them could be simultaneously placed inside the beryllium in holes drilled towards the centre of the metal. After the decay of the main part of the radon, the tubes were removed and replaced by fresh ones. As there is always some danger that the radon tubes are contaminated outside with radioactive material or may leak slightly, they were covered with other capillaries before insertion. In addition to this precaution the surface of the beryllium holes was removed by drilling, and by washing with acid, before the chemical analysis was undertaken.
R esults*
The results of the experiments can be seen from Table I . It comprises two blank tests, carried out with pieces of the same beryllium samples as were used for the irradiation experiments. In none of the blanks could as much as 10-10c.c. of helium/g. of beryllium be detected. Table I Each of the three irradiated pieces of beryllium contained an amount of helium which could easily be detected and approximately measured, namely, 2 x 10~8, 2-6 x 10-8 and 18 x 10~8 c.c. While in the first two cases, owing to the small quantity of helium, the manometric measurement was only about * A p relim in a ry re p o rt w as p u b lish e d in N ature (P a n e th a n d G liick au f 1937); o n ly tw o o f th e th re e ex p e rim e n ts w ere d escrib ed th e re in . 25 % accurate, in the last the measurement itself was reliable to ± 10 % ; unfortunately, owing to a slight accident, a fraction of the hydrogen, mixed with helium, had escaped during the dissolution of the beryllium. As this fraction is known only approximately, the final figure in this experiment is only accurate within 20%. The values " He/g. B e" are given for com parison with the helium content of non-irradiated beryllium, and of beryls (see the following paper). Since the beryllium samples were approximately spherical, it is possible from their weight to calculate roughly the helium content per 1 cm. radius of the beryllium spheres surrounding the radon source. These values-which should be independent of the quantities of beryllium used-are given in the last column. The average is 3 -8 + 0 -8 x 10-11 c.c. helium/cm. beryllium/mc. radon decayed.
Measurement of the number of photo-neutrons by the quantity OF HELIUM PRODUCED IN BORON
The amount of helium in the three pieces of irradiated beryllium which must thus be ascribed to the y-rays is so considerable that it would appear to be formed by the main reaction; for if one assumes the y-rays of radium C of T8 and 2-2 million V to be equally efficient, and the cross-section of the beryllium nucleus to be 5 x 10~28 cm.2, a quantity of helium corresponding to the order found is to be expected.* Because of the uncertainties in these assumptions, however, an attem pt was made to decide by a more exact method whether helium is the main product of the reaction. Should this be so, the number of helium atoms produced in beryllium would be twice that of the photoneutrons (see reaction (3)); this latter figure can be deter mined, as shown in our last paper, from the equal number of helium atoms produced in boron according to reaction (1). With this aim in mind the third experiment was arranged in the following way.
The sphere of metallic beryllium of 0*84 cm. radius (weight 4-5 g.) was placed during the whole irradiation in the pocket of the methyl borate vessel of 7-5 cm. radius, described in " Helium Researches, X I I I " . In the experi ments on the formation of helium from boron, for the bombardment neutrons produced by the impact of the a-particles of Rn, Ra A, and Ra C on beryllium were used; of these neutrons, in spite of the slowing down effect of the hydrogen of the methyl borate, a considerable fraction was not caught inside the copper vessel. In the present experiment, however, the initial velocity of the neutrons was much smaller, owing to their character as photoneutrons; therefore it could reasonably be expected that most of them would be absorbed by the boron inside a vessel of 7-5 cm. radius. I t was thought advisable, however, to verify this and at the same time to determine the number of neutrons originating from the glass of the radon tubes under the impact of the a-rays; the amount of helium which these neutrons produce in the boron, must, of course, be subtracted for the purpose of comparison.
For these experiments Dr P. B. Moon kindly lent us an ionization chamber, filled with boron fluoride and connected with a counter constructed by Dr C. E. Wynn-Williams. With this device it was observed that the number of neutrons produced in a radon-filled glass capillary and slowed down by paraffin amounted to 20 % of the neutrons obtained when the glass capillary was inserted in the centre of our beryllium metal. If such a complex source is placed inside the water-filled pocket of the boron vessel and surrounded by a large water tank, the absorption of those neutrons which owe their origin to the impact of a-particles on glass must amount to roughly 45 %; for this is the absorption measured under the same conditions for neutrons produced by the impact of a-rays on beryllium. Of the total number of neutrons 82 % were caught in the boron vessel; since 20 % of these neutrons are 45 % absorbable, the absorption of the photo-neutrons alone conse quently amounts to about 91 %.
As, therefore, 9 % of the photo-neutrons escape, this number must be added to the helium atoms found in the boron; but as, on the other hand, 45 % of the 20 % glass neutrons are also used for helium production in boron, the same negative correction has to be applied. I t follows from this con sideration that the number of helium atoms found in the boron can (within the accuracy attainable in our experiments) be considered as equal to the number of neutrons produced by the y-rays in the beryllium. The analysis of the helium content of the boron vessel was carried out in the apparatus described in " Helium Researches, X I I I " ; the only improve ment was the attachment of a reflux condenser to the boron vessel. With an arrangement as shown in fig. 2 of " Helium Researches, X I I I ", the boiling of the boron ester results in the distillation of 5-10 % into the trap; its passage through the metal stopcock attacks the grease. In the new experiment, between the vessel and the stopcock a metal reflux condenser (see fig. 2 ) was inserted. As cooling agent during the analysis trichloro ethylene was used, cooled by solid carbon dioxide contained in the funnel; the trichloroethylene, heated by the boiling ester, rises in the condenser and is, in constant flow, cooled down by the carbon dioxide.
The analysis of the helium content of the methyl borate vessel, after the beryllium sphere in the pocket had been irradiated by y-rays for 8-5 months, showed the presence of 11 ± 3 x 10~8c.c. helium. In the beryllium (see above) 18 + 4-10_8c.c. helium had been found. Now we know that the number of helium atoms found in the boron is practically equal to the number of photo-neutrons produced in the beryllium. The number of helium atoms found in the beryllium is more than 1-6 times as high; if reaction (3) were the only one induced by the y-rays in the beryllium, the ratio of the helium atoms to the neutrons in the beryllium should be 2. The result of our experiments therefore makes it clear that the amount of helium produced in the beryllium by y-irradiation stands in such proportion to the number of photo-neutrons as is to be expected if 4He, and not a stable 8Be, is the main final product of the reaction. A repetition of the experiment with a greater quantity of radon, a larger vessel containing methyl borate, and a few additional refinements would make it possible to decide with an accuracy of 5-10 % whether there is any formation of a stable 8Be. Even such an increased accuracy will not, how ever, permit the exclusion of the possible intermediate formation of an unstable 8Be. Since the irradiation of the beryllium, with the radon sources at our disposal, has to be continued for several months before sufficient helium is produced, a 8Be with a half-value period of no more than 1 month would have time practically completely to decay according to the reaction 8B e^2 4He.
(4) Such a disintegration of the 8Be into two helium atoms may take place spontaneously without detectable rays, since within present-day accuracy the mass of 8Be is twice the mass of 4He. For several reasons-Chadwick and Goldhaber's indirect conclusions, and Bohr's general picture of the mechanism of the nuclear disintegration-it seems more likely that the photo-disintegration of 9Be proceeds according to reaction (2) and not to reaction (3); if one accepts this view, it follows from our experiments that 8Be is not stable but splits up into 2 4He. Dr Goldhaber has kindly informed us that according to unpublished experiments of Mrs Fremlin and Dr Kempton-in which 8Be recoil atoms from the reaction 9Be + 4H -> 8Be + 2D were collected inside a Geiger counter-the lifetime of 8Be is shorter than 1 sec. or longer than 3 years. Combined with the experiments here described we may therefore conclude that the lifetime of 8Be is shorter than 1 sec.
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Summary
While it has been known for some time that the beryllium nucleus, irradiated by y-rays, emits neutrons, it could not be decided whether the nucleus is thereby transformed into a stable isotope of beryllium of mass 8, or into two helium atoms.
By a micro-chemical method helium was detected in beryllium after irradiation by the y-rays of radon. In one of the experiments the number of neutrons simultaneously emitted during the irradiation was determined by measuring the helium produced by these neutrons in methyl borate; a comparison of the two helium quantities showed that the main final product of the y-irradiation of beryllium is helium and not the beryllium isotope. C hadw ick a n d G o ld h ab er 1934 Nature, Lond., 134, 237. -1935 a Nature, Lond., 135, 65. -1935 b Proc. Camb. Phil. Soc. 31, 612. -1935 F risc h , v. H a lb a n a n d K o c h 1937 C openhagen Conference. (N o t y e t published.) P a n e th 1937 J . Chem. Soc. p. 642. P a n e th a n d G liick au f 1937 Nature, Lond., 139, 712. P a n e th , G lu ck au f a n d L o leit 1936 Proc. Roy. Soc. A , 157, 412. P a n e th a n d P e te rs 1928 Z . phys. Chem. 134, 353. S zilard a n d C halm ers 1934 Nature, Lond., 134, 494. T a y lo r a n d G o ld h ab er 1935 Nature, Lond., 135, 341.
On the occurrence of helium in beryls* B y J. W. J. F a y , E. G l u c k a u f a n d F . A . P a n e t h (Communicated by J. C. Philip, When Lord Rayleigh first discovered the occurrence, in samples of beryl, of helium greatly in excess of the amount attributable to the traces of uranium and thorium contained therein, he suggested as the most plausible hypothesis that an unknown element present in beryl may emit a-particles with less than the critical velocity (Strutt 1908). Later, on the suggestion of B. B. Boltwood, he discussed another possibility, viz. that in crystallizing from the rock magma the beryls had occluded one of the shorter lived a-radioactive elements such as radium or ionium, which later decayed, leaving nothing but the helium as evidence of its former presence (Strutt 1910) .
In view of the subsequent discovery of isotopy both hypotheses were reconsidered in the light of this new knowledge. It has, for example, been suggested that the " unknown element ", decaying without detectable rays, might well be the isotope 8Be; and further, that this isotope might have already completely decayed (Atkinson and Houtermans 1929; Rayleigh 1929) .
* " H eliu m R esearch es, X V ." F o r p revious p ap ers of th e series see preceding c o n trib u tio n (G lu ck au f a n d P a n e th 1938) a n d " H eliu m R esearches, X I I I " (P an eth , G lu ck au f a n d L o leit 1936; a fo o tn o te in th e la tte r gives references to n u m bers I -X II).
